Here we elucidate the copy number and organization of the rRNA genes of Streptomyces venezuelae ATCC 10595, a streptomycete that produces chloramphenicol.
Streptomyces species are a group of filamentous gram-positive eubacteria that undergo differentiation during their complex life cycle (6) . They are much studied because they produce numerous secondary metabolites, of which some are antibiotics (5) . The Streptomyces genome consists of a DNA molecule of about 8 ϫ 10 3 kb (16) with a very high (about 73%) GϩC content (13) .
All of the streptomycetes analyzed so far exhibit an even number of rRNA gene clusters; there are six in S. lividans (28) , S. coelicolor (2) , S. rimosus (26) , and S. griseus (17) and four in S. ambofaciens (24) .
Here we show that S. venezuelae harbors seven rRNA gene clusters. We extracted chromosomal DNA from S. venezuelae grown in YEME liquid medium essentially by the method of Hopwood et al. (14) . The 23S, 16S, and 5S rRNA species were purified by fractionation on low-melting-temperature agarose (FMC) gels of total RNA, extracted by the acid guanidiniumphenol-chloroform protocol of Chomczynski and Sacchi (7), and digested with gelase (Epicentre Technologies). 16S and 23S rRNAs were partially hydrolyzed in 50 mM NaOH-1 mM EDTA at room temperature for 20 min and neutralized with sodium acetate (pH 5.0). Then these three RNA species were labelled with [␥-
32 P]ATP (3,000 Ci/mmol; Amersham) by T4 polynucleotide kinase (New England Biolabs) and hybridized at 65ЊC (16S or 23S rRNA) or 60ЊC (5S rRNA) to chromosomal DNA that had been digested with restriction enzymes, fractionated on 0.8% agarose gels in TAE (40 mM Tris [pH 7.0], 2 mM EDTA) at 1 V/cm, and transferred to nylon filters (Zetaprobe; Bio-Rad). Figure 1 shows that the three probes tested yielded identical hybridization patterns with DNA digested with enzymes BamHI, BglII, PvuII, SalI, and XhoI, indicating that these enzymes cleave outside the S. venezuelae ribosomal genes. In particular, in the BglII lane all three probes generated five distinct bands of approximately uniform intensity together with a sixth band whose intensity is about double that of the others.
The signals of the less intense bands appear to be quite comparable to those of the six bands visualized in S. coelicolor (25) and S. griseus subsp. griseus rrnE (17) . The specific probes derived from rrnA and used in hybridization studies of genomic S. venezuelae DNA (as described in the legend to , each of which is known to correspond to a complete gene set (2) . This suggests that each of the five lower-intensity bands in the BglII digest of S. venezuelae DNA corresponds to a different rRNA gene cluster, while the upper, doubly intense band could result from the hybridization of two different comigrating DNA fragments. This is confirmed by digestion of the BglII fragments with XbaI, which reduces the intensity of the upper band to that of the others and causes the appearance of a seventh band (visualized in the 10-kb region after hybridization to either 16S or 23S rRNA and in the 6-kb region after hybridization to 5S rRNA). In fact, an extended electrophoretic run makes it possible to resolve the two largest BglII fragments, indicating that the one containing the XbaI sites is slightly larger than the other (data not shown). The sizes of the BglII fragments range from about 20 to 8.0 kb. We assigned a letter to each rRNA gene set on the basis of the decreasing sizes of these fragments. The number of rRNA gene clusters found in Streptomyces spp., variable from four to seven, appears to be higher than those found in other genera of the order Actinomycetales. For example, Mycobacterium spp. harbor only one (M. bovis BCG [29] and M. leprae [27] ) or two (M. smegmatis [4] and M. phlei [10] ) clusters and a Frankia sp. harbors two (22) .
The three genes in each set appear to be located very close to each other. In fact, digestion of the BglII fragments with PvuII or SalI shortens the fragments hybridizing to all three probes to a size ranging from 9.5 to 6.0 kb (data not shown).
To characterize further the S. venezuelae rRNA genes, we cloned them in the lambda vector GEM11 (Promega) and purified a clone, Sv-A, containing XbaI sites in its DNA insert. The restriction pattern obtained after SfiI or XhoI digestion of clone Sv-A indicated a full correspondence between the cloned rrnA DNA and the genomic rrnA DNA (data not shown). A map of the rRNA gene cluster in Sv-A is shown in Fig. 2 ; it is compared with the homologous regions of S. ambofaciens rrnD (25) and S. griseus subsp. griseus rrnE (17) , whose sequences have been entirely elucidated. The S. venezuelae rrnA genes appear to be organized into a cluster with the structure 16S-23S-5S. Consistent with what has been observed in other streptomycetes, we found no tRNA-like sequence in the 16S-23S spacer or in the region located downstream of the 5S rRNA gene (data not shown). Although there are a few exceptions, gram-positive species do not normally have tRNA genes in the 16S-23S spacer (17, 22, 25, 26, 28) , while gram-negative species often do (1, 15, 18, 20, 21, 30) . tRNA-like sequences are also present in the region located immediately downstream of the 5S region of the unique M. bovis BCG rRNA gene set (28) , some Escherichia coli (15, 19) and Bacillus subtilis rRNA gene clusters (31) , and all three Rhodobacter sphaeroides (12) rRNA gene clusters.
The length of the S. venezuelae 16S-23S spacer region, 287 bp, falls in the range (277 to 304 bp) observed for other Streptomyces species (3, 17, 25, 28) . The sequence of this spacer has a high degree of homology (from 71 to 76%) with those of other Streptomyces species; its GϩC content is 56% (180 of 287 bp), much lower than the average GϩC content of genomic DNAs of Streptomyces species (73% [13] ).
In S. venezuelae rrnA, a potentially stable (⌬G ϭ Ϫ49 kcal [1 cal ϭ 4.184 J]) stem-loop structure followed by a run of U's can be formed 7 nucleotides downstream of the 5S rRNA gene. Similar structures have been found in the same region of other streptomycete rRNA gene sets and could act as transcription termination signals. To characterize further the S. venezuelae rRNA gene clusters, we prepared probes from specific regions of rrnA and hybridized them to genomic DNA digested with enzymes which cut inside the rRNA genes. The results obtained with DNA digested with enzymes AccI, BbrI, EcoRI, HincII, NcoI, PstI, and SmaI (data not shown) indicate that S. venezuelae DNA contains most of the internal restriction sites present in the rRNA sequences of the Streptomyces strains analyzed so far (2, 17, 25, 26, 28) . For example, with S. venezuelae DNA digested with AccI, hybridization with probe 2 or 3 ( Fig. 2 ; note the positions of these probes on the rrnA map) results in the appearance of a unique band corresponding to a fragment of about 2.9 kb (Fig. 3, lanes 2 and 3) . The strong intensity of this unique band compared with those of the other bands indicates that the two AccI sites flanking this fragment are present in all seven sets. Morever, the appearance of that same unique band upon hybridization to either of these two probes indicates a close linkage between the 16S and 23S rRNA genes.
On the other hand, the patterns of multiple bands observed upon hybridization to probe 1 or 4 indicate that the 16S and 5S rRNA genes must face a different flanking region in each individual rRNA gene cluster. Thus, as in most of the eubacterial species examined so far, S. venezuelae rRNA genes are typically organized into clusters with the general structure 16S-23S-5S. Exceptions to this organization are found in Borrelia spp., in which one copy of the 16S rRNA gene is separated by 2.7 kb (B. burgdorferi [11] ) or 5.0 kb (B. garinii and B. afzelii [23] ) from two copies each of 23S and 5S rRNA genes, and in Rickettsia prowazekii (1) , in which the 16S rRNA gene is at least 4 kb away from the 23S-5S rRNA gene cluster.
We are in the process of characterizing the promoter regions of the S. venezuelae rRNA gene sets. The use of probes specific for each operon should be useful in testing whether the individual rRNA gene sets of S. venezuelae are differentially expressed, as found in E. coli (8, 9) .
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